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A b s t r a c t

in a t29nc-uoryiI1.y  signal-to-noise Iatio (.~NII’) cnvivonmcl)tj syIIIl)ol  vote is cllongd to

taa?i9ni.w  duta CC1U9W.  IIowcvcr, tllc syfIalIol-9mtc chongcs !uoy  N: ZISC, lhr wccivc~ symlJol

k70]l tO [0.$C 10Ck, ihUS 10 Si12g 7CCl!-tilllf  dOt[4. Itzc proposr o~l ol(c~r~atc  w a y  oj verging

i}lc d a t a  vote 291 a scatn!css  f a s h i o n  by pu?zclut’i?z.q the coIIuolutzoILally  cncodcd  symbol

stvcafl~ find  traus?ailliflg  tl[c pu9ictumc[  encodccl  .sylrlbols uJil}l o  cortslctnt  syrtibol  N!(c. }i’c

Syslcmflticolly  Scfldld jor goodptlrlcttlri!tg]laitf  9vIs jor lllf Galileo (1/, I/J) corltlolutioflol

cock  and  charzgccl  the data voics  by using the ptinc{uled code.~ to match [hc G’ctlilco  ,~AJl(
projilc oj NoverIAIIcr  $), 1 9 9 7 .  WC co91cludcd ill at t h i s  SC1[C  911c wdurcs  111[ syrnbol-mtr

C } 1O ? L .WS jf’ol?l  ~ 10 $? and p~OVICICS a l<11gc9’  dat O 9’c!uv91 fl?~d o hi,g]l[  1’ SY?TlbOl t~~r]{ dUVi71g

!)/0s/ Oj illc day.

1 Introduction

I II dcq-s])acc c.o]t]]lll]l]icatio]]s  and cJtlIcr spac( co]f]]l]ll]licatiolls, ])articular]y tlIosc requir-

il]g ]I]ulti])lc  a]ltcnnas for tracki]]g, tlIc coml~ined  signal-to-]  loisc ratio (SNI{)  var ies  during a

d a y .  ‘J’IIc dcgrcc of var ia t ion is  detcrmil]cd Ijy wcatl]cr co]lditio]]s, a n t e n n a  clcwatio]]  a]]glc,

a]]tc]llla ]Jointing a c c u r a c y  (lmt,lI t,hc salcllitc an<l the grou])d  aTItcl II Ias), cllal]gcs i]] s a t e l l i t e

l a t i t u d e ,  al]d  ]I]a]ly otllcr factors .  l’or  cxaln])lc, the total sigtlal-])c)\\’cr-tc)-lloisc-(lcllsity  ralio

(l’~/AJO) during a (Iy])ical 2 4 - h o u r  j)ass of tlIc Gtililco Missio]l  cfiII f luctuate  I) CLWTCII 15 a n d

21 dll-llz. II I  o r d e r  to lnaxi]nizc the  da{a ret, ur]l i]] this till] c-varying SNli c]lviroll]ncl]tl the

tralls]]littcd sy]nl)ol  ra te  is  var ied as  a  functio]] of the cstiI]latcd l’i/lVO at the antcilna to

]I]ail]tai]]  a lligll  cIIougl  I co]lvo]utional  I.-ode syIIIIJol SNlt. ‘1’llis assures that tllc l)it-error-rate

(111;1{) m]uirc]ncv,t$  is II)ct.  II) the  Gal i leo  Missicl,, tlIcrc arc six diflcrcnt sylnl)ol rates ,  and

tl]erc call  Iw as ]Ila]ty  as e ight  syInbol rate chanp,cs  ( f r o m  10 to 640 sj’IIIl)ols/scccJII(l)  durirlg

a day ]. OIIC ]mohle]n  associakd with tlIc sy] l ) lx) l - ra te  cha]lgc at low o])crating syIIIlml  SNIL

] 1). Bell aIICl SIIIIg (~}]iu, “GSA1’ 3.5 Update/l{clcasc”, 10M  3392-94-05,5, May 23, 1994. (Jet  }’ro])l]lsio]]
l,al,oratory,  l’asadc]la,  CA, ITitcrl]al I) OCLIIIICIIL)
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is tlIat tlIc syIIIIJol sy]lcllrollizatioll  100]) IIlay  hav[ to  reacquire  1 IIC syIIIl~ol ])1 Iasc,  wllic]l  IIIay

cause real-t,i]l)c data loss. A tcchaiquc that involvc~o])c])i]lg  tlIc syIIIl)ol  100]) at tlIc  syIIIl)o-
,, )

r a t e  clIange IIas lWJII proposccl 2 , hut this tcc]lniqac rcquirc;,  very acc(]ratc t ime ])rcdic~.  It is

]Iot clear if tlIc ])rcxlict  in format ion  can  lIC ohtaillfd withi]]  t,lIr rcq(lirrd accuracy.

III this ])a]wr,  wc arc ])ro])osi]lg  a sirtll)lc  filId lcIw-cost  altcrllativc solutiol) to tlIc  d a t a - r a t e

cl IalIgc  ])rol)lcm  l)y changing  the data rate at t,hc {r ror-correc t ing coding stage ratllcr tl]an at

tllc trallslnissio]l stage. ‘1’IIc data rate is cl)allgc(l  l)y ]~ullctrlrillg  lIIC low ra te  co)lvolutiolla]

c o d e  w]lilc  tlIc syIIIl)ol  rate is kc])t  collstallt. II) Illis way,  tlIc I)asic  strllctarcs of tlIc  cl)codcr

alId  dccodcr  rclnaill ullcllangecl  IJlakiag t h e  schc)nc siln])le aad ICSS c o s t l y .  ‘JIIc i d e a  i s  to

]I)illilllizc  tllc nul]tl)cr of syIIIl)ol  rate  clIaIIgcs  an(l still ]tlail)taill  a IIigll cIIougl  I syIIIl)ol  SNll

to II]mt tlIc c.c)llvc)l~ltio]lal cOdc IIl;lt rcquirc]t]m]t. ‘1’llis assarcs tlIat tlIc  c a r r i e r  100]), tlIc

sal)carrim 100]), and t,hc syIIIIJol syncl]rollizatiol)  100]) call rc)]lai]l  ill l o c k  ill tllc ti]nc-varyillg

SN1{ cllvirolllllcllt, t,llrougllout  a ])ass.  SyIIll)ol  ralr is clIaIIgc(l  oIIly if tlIc syIIIl)ol  SNli,  g o e s

too IIigll (wast ing  cvlcrgy)  or too low (ullal)lc {o tlack tlIc syIIIIJ{Jls).

11) Srctioll 2, wc will ])rcscllt ilIc dcfillitioll  alId all overview of ],ul Icturcd codes. III ScctioIl

3, wc will discuss our ])roccdurc for  se lec t ing  good ])uncturi]l~,  ])attcrns, III Scctioll 4, wc

w i l l  l)rovidc aII cxal]l])lc of usil]g  IIIC ])ullcturcd col)volutiollal  CO(IC for tlIc SNll ])rofilc  of tlIc

(;alilm h!issio])  011 Novemlw- 9, 1997, wllic.h is all arl)itralily CIIOSCII  day. III Scc(io]l  5, wc will

.givc SOIIIC co])cludi]]g  rc]tlarlis.

2 Definition and Enumeration of Puncturing Patterns

A  rcg(llar rate  l/A~ co]]volutio]la] c o d e  rcquir(s gcme]atil)g A] c o d e  syIIIl~ols ])cr I)it.  IIy

])crioclically and syst,cltlatically ref ra in ing fro]n tllansmissio]] of so]tlc  of tllc code syInl)ols, a

l)igl)cr  ra te  code call  I)c const,ructccl  fro]]] aa ori~;inal  l o w e r  ralc 1 /AT code .  ‘J’his ])roccss  is

c a l l e d  ])ullcturillg a rate l/IV code  to a l]igllcr r;ttc. l,ct tllc ])(riod l)c 1, l)its or AJJ, c o d e

syIIIljo]s.  WC  dcfi IIc a ])u]lcturiag pat ter] ]  }’ of ])cliod All,  syIIIIJols  to bc aII All,  Lillary t,rl])]c

w])crc  a 1 dcl Iotcs that, tlIc symt)o]  ill the corrcsl)c~]ldiag  ]ocatioll is to bc seIIt,  al)d  a (1 d e n o t e s

that tlIc syl IIl)ol is to bc dclctjd. If tllcrc arc m zeros  i]] 1 ’ , tllc rcslllli]lg  ]Jullcturccl  code is

a  IIigllcr  r a t e  I,/(lVI, –  ~n) c o d e ,  wllcrc (1 < m < (IV –  1)1,. I>or cxaIII])lc,  l e t  A~ = 4  and

1, =- 4, alId  a ])ul]c(uring ~)attcrll  1’:: {01 11  1110 1 0 1 1  1 101}, PI’c dcfilIc  tlIc riglltlllost digit

to corrcsl)oncl  to tllc first sylnbol  slid the rigllhn(mt  grou], of fol]r  digits to corrcs])ond (,0 tllc

f o u r  sy]IIl)ols  of OIC first l)it. ‘1’lIc I)ullctr]ring ])a(tcrn, 1 ’ , ill(lic;itcs that (lIC scc.oIId syInl)ol

“J. WmICI, “[:1/1, I)ata l{atc  Chmgcs”  , Notes, JLIac 11, 1!)93. (let l’m],l]lsio]l  l,al,oratory,  l’asadc]la, CA,
1111(111/11  l)[lCUII1(V)()
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iu tllc first bit, tllc t h i r d  syml~o] iu tllc second l)il, the first syll)l)ol  ill t h e  t h i r d  l~it, a n d  (IIC

fourtl) sy]nbol ill (IIC fourt]l bit, ill a ]Jmiod  a r c  ]]ot (Iraflsluittcd. ‘J’llc rcsultillgj pul)cturcd

code is a rate 4/(4 x 4 - 4) = 1 /3 code. Wit]] tllc lcftnlost digit lwi])g  tlIc Iuost s iguif ic .s i l t

bit and tllc ri.gl]tl]lost  digit bcil)g  the l e a s t  si.gy]ificant  I)it,  tllc ],ullcturillg ])attcrl] 1 ’  can  I)c

rc])rcscnt,cd  as dI!Ic7 iu IIcxadccilllal  forlu.

Clcar]y, tllcrc arc (~,~)  diffcrcllt ])ossil)lc  ])attcllls for 1’. Sillctc 1’ is ])criodic ill 11~1,  syJul)ols,

ally cyclic. shifts of AT syIIIl)ols  iu 1’ give tllc salnc code ])crforll)allcc as 1’. IIowcvcr, this dots

IIOl rcdtlcc tllc ]Iurnl)cr  of pattcrl]s that g ive  a  d is t inc t ,  code  ])crfor~llal)cc  l)y a factor of AT,

a s  soll)c  o f  tl)c (~,~)  I)attcrlls Inay IIavc a snlall{r ])crio{l l.~. ‘J’lIat is, 1,~ d i v i d e s  1,, \vllicll

i s  dc]]otcd I)y I,i I 1 , .  ],ct ~(l,i) dc]lot,c  tll~ nulllt)cr of ])u]tcturi]lg,  ])attcrus with ])criod  I,i

cxaclly (illcludillg  1). Notice that j’(l,i) :- 0 if tllc m zeros call)lot I)c cvcIIly  d iv ided  alnoug

~ ]~arlitiolls ( i .e . ,  ~,,, ~ m ) .  A l s o  a],lons tl,c (~~~) ~~attcrus  wit],  ]~criod I.i, so]nc ]I]ay h a v e
1.

sljjallcr l)criods, ],ct, ~) I)c a  ]Jrimc that d i v i d e s  1,~ (not illcllldill~ 1,). I f  ~~l~!~+,  tll~ll  tll CrC
N?, ,

a r c  (~~ ) ]~at{cl: ])s of  1) wit]l  ]Jcriod  ‘;. ‘1’IIC tOtill IIlllnhcr  of dislillct ])ullcturillg I)attcrus i s
1.,?

tl)crcforc

~ +(],),
1’,11/  ‘t

wl]crc  j(l/i) Cat I I)c cllul))cratcd  as follows:

N o t i c e  tl]at wc drfi])c  tllc col])l)il]atoric fllllctioll  (~~) = O if eitlicr ?n or H is ]lot, au il]tcgcr. 1]]

tllc al)ovc  cxaln])lc wit])  IV = 4, 1, :. 4, al,d ?J/ == 4, all e x h a u s t i v e  scawll mquircs cl,cckitlg (~)

= 1 8 2 0  ])ullcluring I)attcrlls. IIy taking iuto acc(,utlt the  cycl ic  ]~rol)crty  of tl)c ])ullctrlrillg

])attcr]ls, tl]c  scarcl)  s])acc  i s  now rcduccd to

:[(3-(31+HW)I+0’4(’4]
w]licll  is a rcduc{icnl  by alll]ost a factor of 4.

3 Puncturing Pattern Search I’roccdurc

lt) Lllis scctiol) w c  dcscribc t h e  scarcl)  pmccd IIrc t h a t  }vc ws(d t o  find  good  ])ullctrlrillg

]~attcr]ls for a rat,c  1 /A1 convolutional codr. llsil~p, this ]Jroccdur(., wc scarcllcd for punctured

codes for two low-rate convolutional codes, tl]c (14,1/4) code used for Galileo a]ld tllc (15, ]/6)

code  used for Cjassilli,  lor illc (14,1/4) code, wc ])ullcturcd  it fro)l~ rate 1/4 to rate 1/3, t}lml

to rate 1/2. For LIIC (15 ,1 /6)  code ,  wc putlcturcd it froln rate 1/6 to rate 1/5, thcu to rates
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1 / 4 ,  1 / 3 ,  and 1 /2, A  r a t e  comlJatilJility  [1] rest  I ictioll is addml  ill tl)c  ])ullcturillg  ])attcrll

scarcl]. ‘J’]lat is, a code bit, used ill the IIigll-rate (OCIC  is also used  ill tl)c ]ow-ra te  code.  l“or

cxa]n])lr, (0 scnrcll  f o r  a r a t e - l / 2  puucturcd cod(:, wc l) U] IC(UTC tile ratJc- 1/3 code fouud a

stc])  before, I)ot tltc rate-l/4 code. ‘1’llis was  nccrssary l~laillly  I)tcausc of limitlcd  c,oln])utiug

rcsourccs.  Altl)ougll wc IIavc  o])ly scarcllcd f o r  ])~lucturiug  I)attcrlls to .givc r a t e  1 / N  codes,

t h o s e  ])ullcturillg l~attcrns  that, g i v e  raic k / N  codes call  I)c ol)taillcd  ill a silnilar faslliou.

N o t e  Lllat  a ]Jullctured convolutiol]al  code  of rate k/Al  is coIIstI  ailied l)y its l o w - r a t e  ])arcllt

c o d e .  ‘J’llcrcforc,  it is not, usual ly  as  good  as tllc best kuo~vll p,cIIcral corlvolutiollal  c o d e  o f

tllc rcsl)cctivc rate .  \!]c a l s o  ])rcscllt silllula(ioll lcsultls of tl]c  I)ullcturcd c o d e s  and Vitcrl)i

dcco(l  cr. ‘J’l)e rcsultiug 111}1{s arc used fuI Ll)cr to co II II)utc tl]c  IIl;li for tllc c.mlcatcllatccl  codes

collsistiug of  a  convolu t ions]  c.odc as the iuucr code  aud a ltcc&SoloInon (1{,S)  code as tllc

outer c.ode, assu]niug iufillitc illtcrlcaviug.

]Jor cacll  dcscribcd ra te  where  1/ > I/N, tl)c g[ml is to find  tllc ])ullcturillg ])attcrtl I’ tl)at

,giws  tllc l o w e s t  111’;lt at that  ra te .  l)ircct silnulat ion of tllc ])ullcturcd couvolutiol]al  coclc is

not, vialjlc sillcc tllcrc arc so mauy diffcrmlt ])uuct~lring  pattcrlls. As a first stcj) to select  the

l)ullct)uriug pattcnls, wc used the rcsultill,g weight ]jrofilc  of tllc ])ullcturcd  code that i)lc]udcs

tllc lnaxilnuln free distal]  cc, fljrce, the nulnbcr of ])atJls  of }vcig’llt d, ad, aud tllc illforlt]atioll

bit error wcigltt cd as criteria. ‘Jo furthrr siinl)lify our scarc]l  wc o]lly  scarchcd for ])atlls o f

~~ig],t,  CI s(,cl,  t,]lat, CljTCC < d < d,.ut, W]lcrc dctll is SOIIIC I~rc-[l(,l[:rltlitlccl  v a l u e  t h a t  i s  l a r g e

1310uglI  to illt’cr Illc c.odc’s 111’; IL ])crfornlauce  a u d  slnal] cl Iougl  I to coln])lctlc  the scarcll iu a

rcasollahlc tiluc. Note  that ihcrc arc 1, diffcmlt startiug poin ts  for  diverging  patl]s, and t h e

worst,  case is collsidcrcd ill comparing the ]Jullct  ul ill.g ~)attcrlls.

‘J’llr aforclncntiollcd silll])lificd  scarcllitlg  proc(durc  is still c{)]tlj)tltatiol)ally itltcllsive.  A s

discllssfxl  ill {he malup]c above, to search for the ])uuci, uriug ])attcrll tl]at gives the hcst ratc-

1/3 ])uncturcd  code fro]n a (14,1/4) code wit]]  l)criod 4, tl]c coln])lltation of the wcigllt s])cctra

f o r  tllc 464 diffcrclli ])u~lcturill.g  ])ati,crus takes  al)out 2 days  ou a SIIN  SI’AI{C  station 10.

‘J’llc wcigl]t s])cctrulu aud the free distance ar[, colll])utcd for cacll  of tllc ])ullcturillg  ])at-

tcrlls wit]]  ]x-riod  1,. l“roll) tllcrc, t h r e e  IJcst  ])ullc[urirlg ~)attcrlls a r c  silnulatcd ill tllc collvo-

lutiolla] cllcodcr  allcJ \ritcrl)i dccodcr to dctcrllniTl(  tllc corrcs])oltdil)g lII;Rs for  several  ])oints

of ])it,-cllcrgy-to-lloisc ra{io ~;b/NO. ‘1’llc]l tllc 111’}li of tllc c.ollcatcl)atcd code is cstilllatcd froltl

tl)c lllI;ll of tllc Vitcrl)i dccoclcr.

OIICC wc ]Iavc t]lc ])oillls of ~;b/NO  versus lll(;l{,  wc fit a curve tllroug]] i]]csc  ])oillts. ‘J’]lcsc

curves arc used to dctcntliuc the IIl(;ll for a .givc)l  SNlt ]Jrofilc  of tllc Galileo h~ission.  Wl)cl)

tllc 111’}1/  is ICSS t])au 1 0-7 , w c  dctcrlnillc that tl]c c.odc rate CaJI I)c used  i]) that tilnc ])criod.
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‘1’IIC tccllllique for punct,urin~  the coclcs (14,1/4) and (15,1 /6) used here is rate-colll])atil)lc

j)ullc.trlri)lg  [1]. A systematic search is carried out, t o I_i]]d the ])at tcrlls with tl)c l[laximuin free

distallcc al)d  tl)c IIlinilnuln  nu]nl)cr of paths of wright d for Vitcrl)i dccodillg.  ‘J’hrcc ]Jatlmm

wit]]  Ll)e largest free distance and srnallcst numbc] of ])atlls of wcigllt d are tllcll simulated to

ol)tail] a bit-error-rate curve. ‘1’l)c (14,1/4) Galilee)  code  is used IIcre  only to clcll}onstratc tl)c

a l t e r n a t i v e  possil)ility of using I)uncturcd  codes. III fact, tjllc (14,1/4) code is coIn])oscd  of a

(1 1,1/2) collvolutiolla]  COCIC allcl the NASA standard (7,1/2) COLIC, and tllc IIardwarc of  tl)c

(7 ,1 /2)  NASA stal)dard COCIC call  ]Iot be altered.

3.1 U p p e r  BouncI on Ihc I)istanm

IIcforc searcl)illg for tl)c maxiltlum frm disl,allc<s, Wc Colllput(:  tllc llJ)])a’ l)ollllds of Lllc flf.’c

distances to serve two ])urI)oscs,  first to Ycrify the results ill (I)c Illaxilnum free distance calcu-

latim], alId  sccoIId  to scc tl]c dfcct of tho J)utlctuling l,criod on tllc q u a l i t y  o f  tllc l)u)lcturcxl

c o d e s .

‘1’IIc rcsult,s SIIOW that, a lower  punctur ing  Jmriod  gives a IIigllcr  u])])cr  l)oulld  011 tllc free

distallcc, but tile ]owcr  ])unct)uring  J)criod  providfs fewer c]loiccs  of code rates.

‘J’I)c u])]m I)ounds o], the free clistallces for  codes  of  constraint lcngtl) K, a])d rate L/AT

(1)

l’igs. 1 and 2 SIIOW SOIIIC of the hounds 011 t,hc fr(c clistallces for codes ])uncturcd  froln codes

(14 ,1 /4)  and (15,1/6) wit]]  I)criod  from 1 to 8 all{l 1 to 5 rcs])cctivcly.

3.2 Weight Spectra of Punctured Codes

3 . 2 . 1  ~m]c (14 ,1  /4 )  tlS I)arcnt  c.dc

‘1’ltc J)arc}lt  c o d e  i]] th is  case  has  tllc followil]g  J)olyno]nials: 2c22,  3d7d,  21ml, arid  ldd3.

l~irst, we scarcll for J)uncturcd codes froln (1 4,1 /4) to (1 4,1 /3) and find  tllc weight s])cctra

corrcsl~olldillg to all the l)uncturcd ])attcrns. ‘1’1)( ])criod  ill this ctisc  is 4, which corrcslJonds

to 464 diffcrmt ])ullcturil]g  pattcr]]s. WC tlIcIl  sort, tl)c \vcigllt  sI)cctra ill tllc a s c e n d i n g  o r d e r

accordi])g tJIc IIu]nlm of ])atlls o f  w e i g h t  d, ad.  ]rinally, wc si]lllllate tlIc l)cst tllrcc ]mt(cr]ls

to ol)tai~l  tlic IIl}lt c u r v e s ,  ‘1’I)c weight sl~cctra  ar( show]]  ill ‘J’at)lc 1. Acc.ordi)lg  to ihc weight

sl)cct,ra, t,]Ic l)cs(, I)at,t,crll  is h!h5. ‘J’his ilrl])lics  that the l)ullcturi]lg ]~attml h a s  p e r i o d  1 ,  and
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x -- period = 2
. -- period .= 3

0 - -  p e r i o d  = 4

+ -- poric)d  E 5

period=5
%s:.;:;  1..

- l  -.:-----
~ -

.-.1 ----  –-—....  I_ - 1 – – - — –  .-1 _____  _l – – 1  - - _ _ . . . > –  . _
0.2 0.3 0.4 0.5 0.6 0:/ 0.8 0.9

Code t{ate

1(’igurc 2: lJ],],cr ],oul]ds on free distallc.c fo] ])uncturcd  codes fro])] ( 1 5 , 1 / 6 )  c o d e .



,%afIIlc,w  l)a(a l{afc Chiingc hy l’cria and  CIIcurIp, 7

tl)c third syl]lbol i s  punctured  out every tinic. ‘1’his corrcs])onds to the (14,1 /3) code with

]~olyllolnials:  2c22,  3d7d,  and ldd3.

‘J’O f’urt]lcr  ]Jul]cturc t,hc code  to rai,c  1 /2, we usc  the l,cst 1 /3  code  found ear l ier  as  the

])arcltt,  code. ‘J’IIc fol]owing  ]mttcrns arc found to be the l)cst: 3636, 3535, and 3333 ill octal

)lulnl~crs.  ‘1’hc wciglltl sl)cctra of the t,llrcc  best puncturing  ])attcrlls arc sllow]l  ill ‘J’able 2.

N o t e  that w]tc]) scarchiilg for I)unc.t,urillg  ])attcl t]s wit]} ]Jcriod  4, tllosc ])attcrns wit]]  ~)criod

1 and 2 arc il]cludcd.

‘J’ab]c 1➤ ✎

1:M&l

l)l)w
I!dl)d
lll)lil

])attc]:ll

3636

353%
3$33

3636
3535

3333

*“
23 24

0 4
11
1 5

0 14
1- 3

5 “-1 4 ”
J ‘FEEIE

6 4“ 9 14 “-?2 48
3 i 13 21 27 54

5 5  1 3- 1 6 38 54’

18 18- 55 “ 72 122 322

9 35 60 “121 1:+9 320
1 9  - f i n  7 7 91 240 347.— — —

1 /4) Motl]cr Code

;EE

32 33- 34 ,35
13fi 237 389 638
1 3 7  -2 2 5 -400 652
146” 288 481 800
9 2 0  ‘-1853 ‘3134 5530
938 1699 3150 5368

1 0 8 0  2 3 1 3  4 0 6 7  ‘7068

~’ci~~t SI)cctra of l)uncturcd Codes  (14 ,1 /2)  l’roln (14 ,1 /3)  ~&~I’[;odc _____=

lGT”--i71  ]8 1  1 9- T -  
2 0 i] (“ m- 2T24

. . .

%:1
c1 “13 14 15

cl~ o 2 6

() d 0 2 8
[{do30

cd o ‘i- 2 0
cd O (1 37
cd 0 9 0I33:

10 - 24 51 142 344-

9 35 70 154 3 7 1-

14 0 73 (1 -“”545

70 146 354 ‘ 1 1 4 4  ‘3914
53 251 5 5 0  ‘ 1 2 9 8  3 3 7 0

71 0 520 0 4686 “--1=33=
.

931 2286 5464 13234
( ) 2884 0  16679

77titi 2 0 2 2 9  52967 5525
{1353 2 5 2 4 5– 64261 3 5 7 4 9

0 29943  0 4011

3 . 2 . 2  ~odc ( 1 5 , 1 / 6 )  ~S ])ar[!nt  CO(][!

Wcscarcll  for]) \ll]ctllrillg]  )attcr]lsto  l)llllctLlrctl l,coclc (15,1 /6)to (15,1 /5) with a])criod 3.

'l`llc])olyl)() l]~ials f(Jrtl~is  codcarc4599,4ccl5,  5d4’1,76f3,7(b7,  alId 695f. ‘I’llc\~cigllts] )cctra

arc tal)ulalcd  ill ‘J’ablcs 3-6.

‘J’al)lc 3

3
57 58

0 “79
26 34
32 50

“i “ 4 7 3

T--1 4 4  212–

341 556, –_



L —.. -- -—

~/@:~[~

. . . 36 37

0 0 1 1 - 3
() 1 1 ‘-3 4
0 2 1 -- 21
() o 3 ‘-i” 15

0 3 3 “16 13

0 8 4 - - 64

B!!!5
])attcrll d 24

Wtl [Id o-

777 ad o
C(’C [1 ~ o

Wb cd o
777 cd O

(cc cd o :EE
25- 26 27
103

1 0 4-
215 ]

3 0 13
3 0 18

8 2 27

w38 3{1” “40

38i
4 6 i3

HI8 12-CJ

10 38-  38

20 28 72
46 55-  6t!-”

‘arcllt Code

-l---”l --:42 43- 44

16 17” 40

‘T---I--”23 30 62
22 3 7 -3 3
80” m 266

““-1 1:’170 Iili 454
140 >50 221

J. .1

64 i -1T7-130G-
J —.-  .,

‘J’al)lc 6

3) l“roltl (15,1/4) l’arcni Code

“32 33
L

31
25
26
43

161
160

331

68
70
94

:)i 6
51G

744

3 4
-“1 29

129-

193

“1070
gg(j

1 G32-

351 36-
216” 378

202 355

+;

307 5 3 0

1786 3 3 7 6
1 6 6 4  3 1 0 6

2791 ‘5012

‘1’IIc wcigl)t-s])cctra scarcll is only  I,IIc first s t e p  ill (IIC c o d e  ])llllcturing ]jattcrll scarcll.

‘1’0 fur(]lcr co]) fir]n  t h a t  tl)c ])ul)cturcd code i s  Iloll-catastr(}])llic, the ])ullcturcd codes arc

silllulatcd wit]]  all encoder and the Vitcrl)i clccod(r for several l~it-SNlt  ])oillts. ‘1’hc silnulatcd

rcsultjs  arc slIowll  in ‘J’al)lcs 7  t o  1 2 .  Gcncral]y,  (Ihc i,hrcc  I)ullcturillg ])attcrns g i v e  silnilar

111’;lls  Wllf.’ll tllcy a r c  llol}-catastrc)~)llic. II] ‘1’al~lc 1 2 ,  it call  I,c olwrvcd t h a t  tllc ])ullc.turil]g

])at,tmn  lJ6d rcsu]ts in a catastrophic code.
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‘J’able ?
111’;li of l’ullctlircd Col}voluticnla]  Codes
- llsing l)uncturecl  CcJ~~(14,~/3)_ _ .

‘ - -  ‘-F”-”-”-”--

h’b/hlo IIl;li “with  punctured pati CTIIS

td)w

~-bzi(l -—
“1M2 ‘“

P7E’3’5’?~4=l”’o’’747’~’0.75(J6 0 . 0 0 7 6 0 7 8 3 6  0 . 0 0 7 6 7 6 6 7 2  0.0() [57b335
‘ -1 . 2 5 0 6  ~;Ob~22~~87--  0 . 0 0 1 2 3 8 5 5 5  0.001238388

L.—.  ..—1.— ..- .J —- -—— L.

‘1’al)lc N

I
I\l’;li of l’ullctured Co]lvolutio]la] (~;dcs

[Jsillc l’u]Icturd (Mm (141 /2)

E“”-EE+
“,”

3636 35i5

-1. Oli)~ 0 . 4 3 8 8 9 6 4 0.43:+9047
- 0 . 5 1 0 3  0 . 3 5 7 2 5 1 8  --  0 . 3 5 1 8 9 6 2
-O. O1O~- ‘ 0 . 2 2 3 0 1 7 5 0 . 2 2 0 5 7 7 4
J.4MJ7 0 . 0 9 2 3 7 6 9 1 - 0.09: {39146

0.9897  -0 . 022 9 7 $ 1 8 0 . 0 2 4 2 9 2 5 7 -

1 . 4 8 9 7  0.0 T399184:{-  - o.oo4xi4188
1.9897  0.000501 18~8 0 . 0 0 0 5 3 6 0 2 3 7

2 . 4 8 9 7 -  ~7~G~75;05  5.3 N{571c-05

ttcllls
3333

o.4i45088
().3624895
~.2279394
().09243575

().02259
().0()347432

().0() (i~~40192
3.500155C-05

‘J’al)lc !)

r— 111’;liofl’~ll]ctilrcd (kllvolutio]lal (bdcs ‘--1
llsillgl’ullcturcd (bdcs (15,1/[))

ZE8Ekd
IIl}ltwith ])llllcturcxl  JJattcv]ls

E:E:20Z’E:::I1 .2082  0 .0002125101  0.00023117/6  0 . 0 0 0 1 8 9 5 0 9

(J



S’cafnlcss  l)ata ltatc Chwtfy b y  l“cria  a~ld CIIcung 10

‘1’able 10
IIl;lt of l’uncturcd Collvoluti&lal  C o d e s

lJsi]Iu  l’unctured  Chdcs (15.1/4)

}:b/l’Y’o
‘t

III;R wi th  l)ullctrlrcd ]~z_____ .,_:{(ifi  -----------

I ‘---- F ----:-- 2 . 2 6 0 9  0 . 4 6 0 5 0 7 5  “- 0.~61278
- 1 . 7 6 0 9  0 . 4 0 6 1 5 7 1  ( ) . 4 0 6 4 0 8 2

---1----:1:-
- 1 . 2 6 0 9  ‘ 0 . 3 0 1 1 9 1 1 ().3028663

- 0 . 7 6 0 9  0 . 1 6 4 4 2 9 3  0 . 1 6 6 2 7 0 7
-0.260!~ ~O~g9$j-~2--  ( ) . 0 5 8 9 9 2 9 6

0 . 2 3 9 1  0 . 0 1 3 7 3 7 6 5 0.01368548
0 .7391  0 .002347278 - 0 . 0 0 2 3 1 0 4 4 3
1 .2391  0.000376184k  0 . 0 0 0 3 0 5 5 1 4 5

‘1’able 11

Ittwlls

2f(lj

o.mM16
0.4078231

‘0.X)3~4(j2

‘0. ikiti:ki  ‘-
o.059407i$

0 . 0 1 3 8 5 9 8 2 -

0.002iX17109

0.0003381827”

L lll;llofl’~lllctllrecl Collvolutiollal  (;odfw

lJsing l’uncturccl  C(@cs  (15,  ~/3)

1 ’ ~m------

Fl-----1.5103 0.4154775
:1.0103 Tmmom
-0.5103 0.1757192

-0.0103 0.0640622
0.48:17  0 . 0 1 5 1 3 2 0 5

1-----”” i0.9897-~~~G2~i5
‘1.48{)7  0 . 0 0 0 0 0 0 0 0

L— ––L—–-  ..—-  ——

777

0 . 4 1 7 0 0 1 6
0.3176704
-o’:1778i44

0.06504975
0.01Ej2398$ -

0.002286108

‘0.0003196818

ittcr)ls

C(  c

~.4?424%G
0~242242

‘O. 1 ‘i84Mj(i
0.0(j30041j
o,o”13i”3464
0.001921924

0.0002290108

‘J’al)lc 12

E:-----------------------

111’11{  of I’uncturcd CollvolutLllal Co(lcs
Using l)uncturcd (bdcs (15 ,1 /2) .1

1;},  Ihlo 7 111)1{  with l)llt)c.turcd  I)att;IIIs

F-’=--i:”’’:=’-i”= ‘:’P”]G3’’20’--0 . 2 2 8 8  0 . 4 9 9 8 2 0 2  01651692
0.7288  0 .4995696  ( ) .04732074  0 .04973685

L .–d.—.—..—. 2..— ,--–. —.-. .—

3.4 BEItof Concatenated Code

ol]cc wc obtain tllc IIl;llfrolll illc Vitcrl)i decoder ,  wc can  co]tl])utctl]c bit-error rate at

tllc outl)ut oftllc llccc1-SoloTnon  dccoclcr usil)g

N - 1
i )

rr:(l – ?r.)~-l-~ (2)
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S’[’tillllcss  l)afa 1 atc Charlge by l~cria and Clicung

T. = l’rob(J-tJit sy]]iljol  e r r o r  iuput to 1{S dccodcr)

~b ~ }]rob(])it error i]lpllt to ]~s df.’codrr)

N  = block  leugt]l of 1<,S codmcjrd

all(l
. . . . .

l]) our slwcial case of Galileo Mission, 3 =: 8, N n 255,  and 1; :

a t  tllr outl])ut, of tllc 1{S dccodcr is showu  iu ‘J’ahlcs 13 to 15. ‘I$llc

frol]l  siluulation, and 7rs W 27r$.
‘J’ab]c 1 ~1~-------------

111’:lt OUiput  to 1{s l)ccodcr
Usiug l’ullcturcd (OCIC  (14 ,1 /4)

I----T

-.
]~b/h10 III}IL iuput to 1{S ~cmclcr IIl(;li. ci;tpul to

- 2 . 0 -  T12TFF]-------- 0 . 4 2 1 8 6 1
t----~5fi3~------------ - - -- - –  /~3~849

tTmm3893 t mm9J

L—. , . . . . . ..–– —.–—. –. ..—–. —..—.  1

11

1 6 .  ‘1’llc Colll]mtcd  111’;1{

])araIt]ctcr jr~ i s  ol)taitlccl

llS dccodcr

‘1’able 14
lll;ROutpuLof liS l)ccodcr

Using l’uucturccl  (bclcs (14 ,1 /3)

s“”---” --”:-F-.

llL/No IIh;ltiuput  to ll,S-dccodcr IIl;ll oul],;t ofltS dcc.odrr
-1.249~  0 . 3 5 2 7 9 6 2 0.3527”<KX” ““
-0.7494 0.2319616 02319616  - - -
- 0 . 2 4 9 4  0.1082866- 0.]082866
0.2506  0 .03423751 0.022  j(j098

“ -0.7506 0.007607836 1.83804C:8
1.257)6 0 .001221387 1.()()5t366e-20



,

.

ScaIIIkssl)a~a Rate CIJan~clJy  I’cria and  CIIcuIly,

[ . . . . . . .r]’:b/No
-1.0103
-0.5103”
-0.0103
‘0.4897[z0.9897
1.4897
] ,jyj~
2,4tNi7-

‘1’able 15
111’:R Olltput  of 1{s l)ccodcl

12

1
llsi]]g l’UIIC~IIIWd (:OCIC  (14 ,1 /2) -_ I

‘-”-1+ --  ‘--”-’

lmii-il;~){tzo-m ( I c ’ c o d e r  ~:-IIl)li Out]lut  Of 1/s  Clccodc!r

0.4388964 0.438 s9(34 “
0.3572518 0.3572518 1
0.2230175

1

0 . 2 2 3 0 1 7 5 - “ -

0.09237691 o.09237G9j -:7

4 Example Using Galileo Profile

Wc  usc  tl)c SNI{, ])rofilc  of Gal i leo  miss i on  olI INovcmbcr 9, 1997 as al] cxam])lc to cx])lain

IIow tllc IIulllhcr of sylnbo-rate cl]anges can  bc reduced willl code ra te  changes .  lPor a given

SNli ~)rofilc, for  cxalnplc, the OIIC shown ill l’i.g. 3, tllc ol~jcc(ivc  is to get tllc ltlaxi]tmrn d a t a

rcturll ulldcr (IIC condi t ions  that, tllc bit- error rato is t>clow 1 (1- ;, and that the SYJII1)OI SNIL

i s  loai)ltaitlcd almvc -6 d])  f o r  tl)c carrim, suljcarl i c r ,  and syIIIIJol ]oo]m to track.  ‘1’0 acliicvc

this goal, tl]c current ])lall is to cllal)gc  the sy~t]l)(,l rate using a fixed code rate, 1/4, and an

alt,crllatc way is to allow code rate to change as w{]] thus rcducill~;  LI]C ~lulrll)cr  of syll]hol-raic

cllallgy+.  l’ig.  4 SI1OWS  t,l)c sy]nbo]  rates using fixed and varial)]c code rates. ]n tllc fixc&codc-

ratc case, tl]erc arc 9 sylnhol-ratjc  cha)lgcs, conlpalml  to 2 syllll)ol-rate c.hallgcs  ill the varial)lc

code rate case. Wit]] tllcsc symbol rates, cacll  of the two systmrls will have the syJt Il)ol SNll

al)ovc  -6 d]] as rqujrc(l, where t,l)c varial)lc-c.o(lc- )atc case has a slightly higllm sy]nl)o]  SNli

f o r  lIIOS( of (IIC day .  ‘1’lIc c o d e  rate clla~lgcs  arc sllo~~~in Fig. (i. hflulti])lyi])g  tl~c code ra tes  .1
~,ii(:.’;\

l)y tllc sy]l)l)ol  rates, wc obtain the hit rates as sl]own  ill l“igs. 7 a]ld  8 for tllc fixed  c o d e - r a t e

and (IIC varial)lc  code-ra te  c.ascs rcs])cctivcly. ‘J’]){ bit, rates are averaged for tllc day al)d t,l)c

averaged bit rates ill bot]l c.ascs arc corn]  ~arab]c  where tllc varial)lc  ccdc’-rate case IIas a slightly

IIi,gllcr average I)it rate, which ilnplics a slightly larger data return.

5 Conclusions

l]] this ])a])cr  wc l)avc  dcscril.)cd  a silt]])lc  and l o w - c o s t  IIlctllod to cllallgc tllc d a t a  r a t e

to IIlatcll (IIC tilnc-varyin,g  l’t/No cnviro~lltlent. ‘J’llis is dollc l~y ])ullctrlrillg (I1c cotlvolutiolia]

c o d e  at tltc er ror-corrcc . t ion coding stage rather than by cllangill~ the sylnl)ol rate at tllc
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21

2C

Arrayed Pt/No on 1 1/9/97 from Galileo

[--” v
1 ----- -1

5 10 15 20
time (hours)

l’igurc 3 :  Arrayed l’i/NO  011 11/9/97 froln (;alilco.

Symbol Rates on 11/9/97 for Galileo S–Band Mission
1 ,

r---—-
1
I
I
I
I
I
I
I
I

I
1

.
I

I

I

I
I
1
1 — — —

I

I

I

1

I

I

I
.

—J ——— L —––—

, I

solid Iinc: = variable code rate

dashed line = fixed code rate

I l – - - - - – \ I

I I \

I I I
I

l-- —.l——-

1: II
l~. –.-.
II
IJ

5 10
time (tlours)

—1.. –.  .—4.

15 20

13

25

l~igure  4: SyIIILol  llaies 011 11 /9/97 for Galileo using fixed and variahlc c.odc rates.
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2

0

–2

– 6

- 8

- I c

./

Symbol SNR (dB) on 1 1/9/97 from Galilee>
1 I 1

sc,lid line = punctured codes

dashed line = fixed code rate

dot~:dast]ed  Iirw = ’200 symLsec
... . . . . . ciotted line = 10C) syrn/sec

i’”-\ \ .L \
I “Y/y

,\—- ,’”/- ‘ / - ”  – - - ” - -  - . “ ‘y
l/ . \

\l l , ’ \
_//

/\ll/
s! ,’~ ‘ “----=J’ “’” ‘1

J .. ————-–-. – . — – 1  — – – — 1. 1

5 10 15 20
Time (Ilours)

l~igurc  5: Syl))l)ol  SNIL or) 11/9/97 for  Galilto usil]g flxc(l iilld varial)lc  CO(1C  r a t e s

Code Rates on 1 1/9/97 fot Galileo S- Band Mission
0 . 5

0 . 4 5

0 . 4
CD
~
~
0
0

0 . 3 5

0 . 3

0 . 2 5

7

— 1 –––––...

,

1 –.- .–—- –– 1. l-.
5 10 1 5 2 0 2 5

time (Ilours)

l’i,ejurc 6: Variab]e  Cede raics on 11 /9/97 for  Galileo Mission.
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trallsl]lissioll s t a g e . ‘1’lIc lnain a d v a n t a g e  o f  t h i s  II IctlIod is that it a l l o w s  s e a m l e s s  Lrallsitioll

fro]]) OIIC data rak to allotllcr. WC aplJlicd  this met Ilod to tllc Ga]ilco SN1l  ]Jrofilc  ou Novcm})cr

9, 1997 as all cxaln])lc to dclnonstratc its cfrcctivcucss. Wc s],o,!,[$d ],ow t,],is I,,~tl,Od  rcd~~~cs

tl)c IIulnl)cr of sy]l)l)ol  rate cllallgcs fronl 9 to 2, illld gives a slightly larger data rcturu ill a

d a y  a]ld  IIigllcr  sylnbol  SN1l  for ]tlost of the day. Notice that ill this cxalll])lc we arl)itrarily

]Jick 1 O(I syJul)ols/scc  and 200 syJnbols/scc as the two synll~ol  rates used. Wc arc \vorkillg  011

tcc.lllliqucs  to pick the I)rc-sclcctcd symbol rates t IIat  will o])t ill]izc  tllc data rci,urll. WC arc

also working on a])])lying  this method to the Cassilli colllltl~lllic:itioll  scct)ario.

1]1 addi t ion  to dcc])-s])acc  colll]~lllllicatioll, tll(rc arc  o ther cc)]]lllll]l]icat,io]l  cnviro]]]ucnt,s

cllaractcrizcd w i t h  a  f l u c t u a t i n g  l)~/No,  For  cxatll])lc the unccrlaillty  ill a gco-syllc.hrollous

satel l i te  orbit ]Ila.y cause the lJt/JVO to flllctuatc. II) mobi le  c.ollll]l~lllica(ioll,  fading and illtcr-

fcrc)lcc c-au c.ausc tllc l’t/lVo  to vary  qu ick ly  and ill gycat IIlaguitudc. ‘J’llis data rate cllangc

IIlctllod call  l)c useful ill tllcsc ap])licatio]ls  as well.
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